MicroRNA (miRNA)-mediated crosstalk between coding and non-coding RNAs of various types is known as the competing endogenous RNA (ceRNA) concept. Here, we propose that there is a specific variant of the ceRNA language that takes advantage of simple sequence repeat (SSR) wording. We applied bioinformatics tools to identify human transcripts that may be regarded as repeat-associated ceRNAs (raceRNAs). Multiple protein-coding transcripts, transcribed pseudogenes, long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) showing this potential were identified, and numerous miRNAs were predicted to bind to SSRs. We propose that simple repeats expanded in various hereditary neurological diseases may act as sponges for miRNAs containing complementary repeats that would affect raceRNA crosstalk. Based on the representation of specific SSRs in transcripts, expression data for SSR-binding miRNAs and expression profiling data from patients, we determined that raceRNA crosstalk is most likely to be perturbed in the case of myotonic dystrophy type 1 (DM1) and type 2 (DM2).
Introduction
Simple sequence repeats (SSRs), known also as microsatellites, are tandemly reiterated 1-6 base pair-long DNA motifs that occur in coding and non-coding regions and are ubiquitous in genomes [1] . High instability of these sequences, i.e., expansion or contraction of the repeated tract, mainly results from DNA slippage during replication and from unequal DNA recombination. With mutation rates several orders of magnitude higher than rates of point mutations, the SSRs are the most variable regions in genomes. The high variability of SSRs facilitates evolutionary changes and adaptations to new environments, making these sequences rich sources of phenotypic variation [2] .
In contrast, abnormally expanded SSRs are harmful genetic elements that cause a number of hereditary neurological disorders in humans via various gain-of-function and loss-of-function mechanisms [3] (Supplementary Table I ). The trinucleotide repeat expansion diseases (TREDs) constitute the largest subgroup of these disorders. They are triggered by an expansion of trinucleotide repeats that occur both in coding and non-coding regions of human genes. Specifically, Huntington's disease (HD) is triggered by the expansion of a CAG repeat in the translated region of the HTT gene, both fragile X syndrome (FXS) and fragile X-associated tremor/ataxia syndrome (FXTAS) are caused by a CGG repeat expansion in the 5ʹ untranslated region (UTR) of the FMR1 gene, and Friedreich ataxia (FRDA) is caused by a GAA repeat expansion in the first intron of the FXN gene. The TREDs subgroup also includes a neuromuscular disorder, myotonic dystrophy type 1 (DM1), whose source is a CTG repeat expansion in the 3ʹ UTR of the DMPK gene. Furthermore, 4-and 5-nt repeat tracts of CCTG, ATTCT and TGGAA are implicated in myotonic dystrophy type 2 (DM2), spinocerebellar ataxias (SCAs) type 10 and type 31, respectively. In addition, expansion of a hexanucleotide GGCCTG repeat causes SCA36, while expansion of GGGGCC leads to the amyotrophic lateral sclerosis (ALS)/frontotemporal dementia (FTD) pathology. Disease-causing SSRs are present in different regions of protein-coding transcripts, including 5ʹ UTRs, open reading frames (ORFs), introns and 3ʹ UTRs, and their pathogenic repeat thresholds also differ [4] (Supplementary Table I) .
As a major part of the human genome undergoes transcription, a plethora of RNAs (large and small, sense and antisense, linear and circular, and coding and non-coding) are formed and function in cells, including transcripts harboring SSRs. Most protein-coding genes are subject to negative posttranscriptional regulation by microRNAs (miRNAs). The latter bind to miRNA response elements (MREs) located within the 3ʹ UTRs of transcripts, which results in transcript degradation and/or translational repression [5] [6] [7] . However, individual miRNA-MRE associations should not be considered in isolation because miRNAs form complex regulatory networks. According to the competing endogenous RNA (ceRNA) concept, multiple cellular transcripts communicate with and co-regulate each other by competing for binding to a shared pool of miRNAs [8] . These transcripts include not only protein-coding RNAs but also non-coding RNAs (ncRNAs), such as long ncRNAs (lncRNAs), transcribed pseudogenes and circular RNAs (circRNAs) [9] . In this context, the question arises of whether the SSRs themselves might be directly involved in the regulation of mRNA translation by miRNAs and whether they are potentially involved in a wider miRNAmediated crosstalk between coding and non-coding transcripts.
In this study, we examined the scale of putative crosstalk between coding and non-coding transcripts via miRNAs binding to corresponding SSRs (Supplementary Fig. S1 ). We present the results of a computational survey of potentially crosstalking SSRs among all human trinucleotide repeat-containing transcripts and disease-relevant tetra-, penta-, and hexanucleotide repeats in all major types of human transcripts. First, we estimated the representation, number and length distribution of selected SSRs in coding and non-coding transcripts. Next, we identified miRNAs with the potential to bind to SSRs and assessed the number of MREs and their density in various types of transcripts. Finally, we addressed the relevance of postulated repeat-associated ceRNA (raceRNA) crosstalk to pathology using RNA expression data. We found that expanded CUG and CCUG tracts, present in DM1 and DM2 patients, are most potent among all of pathogenic SSRs in influencing raceRNA crosstalk.
Results

Representation of triplet repeat tracts varies between protein-coding and non-coding RNAs
Here, we analyzed the occurrence of all possible triplet repeat tracts composed of at least 5 consecutive repeats in human protein-coding transcripts, lncRNAs, circRNAs and pseudogenes and compared the occurrence of these repeats with their frequency in the genome (Fig. 1A) . Comparison of the representation rates of triplet repeats in mRNAs showed a clear overrepresentation of CGA, CGG, CAG, CCG, CUG and AGG repeats forming stable RNA structures, such as hairpins or quadruplexes, consistent with results of previous studies [10] . Interestingly, similar but milder enrichment of these repeat tracts was found in lncRNAs, except for CGA tracts. CGA tracts were the most enriched repeat tracts in mRNAs (showing a 22-fold difference), but their representation in lncRNAs was comparable with their occurrence in the genome (only a 1.1-fold difference). In contrast, CGU repeats, another hairpin-forming repeat, were strongly enriched in lncRNAs (14-fold), while their enrichment in protein-coding transcripts was quite moderate (1.5-fold). Additionally, repeats that are unable to form stable RNA structures were mildly underrepresented by 2-7-fold, in both protein-coding RNAs and lncRNAs. Triplet repeat tracts were generally rather underrepresented in pseudogenes, with a greater underrepresentation of repeats not forming stable structures, such as UUG, CAA, AUU and UAA tracts, which were underrepresented 11-, 12-, 39-and 69-fold, respectively. The representation rates of triplet repeats in circRNAs did not significantly differ from their genomic occurrence. It can be speculated that there is a mechanism for retention of certain SSR tracts in lncRNA sequences. While such a phenomenon is well described for mRNAs, providing advantageous effects on protein levels [11, 12] , the functionality of hairpin-forming triplet repeats in ncRNAs must manifest at the DNA/RNA level. Such repeats could contribute to the regulation of the expression of lncRNAs, shape their structure or mediate interactions with other RNAs and RNA-binding proteins (RBPs) [13] .
Non-coding transcripts contain a substantial number of SSR tracts
The existence of SSR tracts in lncRNAs, pseudogenes and circRNAs has never been examined previously. We addressed this issue by analyzing the occurrence of tracts of at least 5 consecutive repeats for all possible triplet repeats, including those triggering TREDs as well as disease-relevant tetra-, penta-and hexanucleotide sequence motifs. A number of ncRNAs were identified for each triplet repeat tract, ranging from 15 to 160 sequences, while fewer were found for CCUG and UGGAA repeats ( Fig. 1B and Supplementary Data). Because some circRNAs are very long, these were the type of ncRNA with the greatest number of sequences bearing SSRs. Comparative analysis of the lengths of these tracts in the genome, mRNAs and ncRNAs revealed that most of the identified tracts among the analyzed RNA classes were of moderate length (less than 10 repeats) (Fig. 1C) . The notable exception was CAG tracts present in lncRNAs, which were significantly longer than in the other analyzed groups (median of 10 vs. 6 repeats) but were still shorter than pathogenically expanded CAG tracts, which typically range from approximately 30 to 100 repeats (Supplementary Table I ). The length of SSR tracts varies in population and higher heterozygosity is found for non-protein-coding genomic regions [14, 15] . In general, the variability in the number of potential MREs for SSR-binding miRNAs may result in slight differences in functioning of raceRNA network between the individuals in population. In the case of disease, the degree of raceRNA network deregulation is expected to depend on the length of the SSR tract in the mutant gene, which is known to be highly variable in patient groups (Supplementary Table I ).
Examples of structures formed by SSRs tracts found in ncRNAs
Some of the transcribed SSR tracts are predicted to form specific secondary structures such as hairpins and quadruplexes [16] . In case of diseases, expanded tracts of CAG, CUG, CGG, CCUG repeats are predicted to form long stable hairpins which are considered factors responsible for gain-offunction RNA toxicity [17, 18] . One of the interesting examples that we found is circRNA hsa_circ_0055538 which has closely located 20 CGG repeat tracts (composed of 5, 13, 10, 10, 5, 7, 12, 11, 9, 19, 10, 10, 7, 8, 9, 11, 6 , 12, 13 and 7 repeats) separated by short GC-rich sequences that are predicted to form multiple hairpins ( Supplementary Fig. S2A ). The second example is a family of 9 circRNAs originating from a pericentrosomal region of chromosome 2q12-q13, including hsa_circ_0003581, which bears tracts of 33 and 68 consecutive TGGAA repeats that are separated by a 19-nt bridging sequence consisting of TGGAA-like sequences. The first repeat tract is also predicted to form a long bulged hairpin structure, whereas the second is expected to be less structured ( Supplementary Fig. S2B ). Two aspects should be mentioned regarding secondary structures formed by SSR tracts in ncRNAs: (I) some RNAs can gain a toxic function if these repeat tracts undergo expansion and may be a cause of rare diseases, (II) the SSR tract region may be accessible or not for interacting miRNAs, which would determine their function in raceRNA network.
Numerous miRNAs have the potential to bind to SSR tracts, including disease-relevant tracts
To examine whether miRNAs can bind to SSR tracts, including disease relevant tracts, we searched for miRNAs exhibiting either 6 or 7 continuous matches to the repeat sequence within their 7-nt seed region. For all triplet repeats and the selected longer repeated motifs, up to 25 potentially binding miRNAs were identified per repeat tract ( Fig. 2A and Supplementary Table II) . The greatest number of miRNAs was predicted to bind to CCUG and CUG tracts, suggesting that in particular the expansion of these repeats could influence miRNA-mediated regulation of gene expression. Secondary structure models of complexes between miRNAs and repeat tracts show that these complexes represent rather classical miRNA-mRNA interactions, with full or nearly full complementarity within the miRNA seed and additional matching within the miRNA 3ʹ region (Figs. 2B and S3).
To determine which RNAs can be regulated by these subsets of miRNAs, we identified possible MREs in the 3ʹ UTRs of protein-coding transcripts and in ncRNAs: lncRNAs, pseudogenes and circRNAs. For almost all repeat-binding miRNAs, we found many RNAs with multiple (10 and more) interaction sites (Fig. 2C ). In general, more MREs were identified for subsets containing the greatest numbers of repeat-associating miRNAs, such as CCUG-, GGCCUGand CUG-binding miRNAs. Because some circRNAs are of considerable length, they were predicted to host up to a few thousand potential binding sites for these miRNAs. To compare the frequency of the occurrence of these sites across different classes of RNAs that vary in their average length, we calculated the number of putative MREs per 1 kb for RNAs with multiple MREs (Fig. 2D ). The density varied from 0 to 8 sites per 1 kb for different repeats, following trends observed in the raw number of binding sites (Fig. 2C ). The MRE frequency was very similar in 3ʹ UTRs, lncRNAs and pseudogenes and considerably lower in circRNAs, which clearly shows that lncRNAs and transcribed pseudogenes can constitute a potent reservoir of SSR-associated MREs and play an important role in the miRNAmediated regulation of protein-coding genes.
RaceRNA crosstalk may be disrupted in myotonic dystrophies
RNA crosstalk mediated by miRNAs depends mostly on the concentrations of miRNAs and target RNAs as well as a number of MREs and their accessibility [19] [20] [21] [22] . We examined the expression levels of miRNAs predicted to bind to selected SSR tracts in tissues that are primarily affected in individuals with repeat expansion diseases. We reasoned that these miRNAs should be expressed at relatively high levels, together with their target RNAs, to be able to effectively regulate gene expression under physiological conditions. We employed human miRNA atlas data [23] to examine the miRNA expression in the muscle for CUG-and CCUGrepeats causing DM1 and DM2 and in the brain for selected repeats resulting in central nervous system pathologies. We found that there was a subset of CUG-and CCUG-binding miRNAs that were highly expressed in muscle (Fig. 3A) , while repeat-binding miRNAs showed considerably lower expression in the brain (Figs. 3A and S4) . Therefore, we decided to investigate how the expansion of CUG and CCUG tracts in patients with DM1 and DM2 could influence miRNA crosstalk in myoblasts.
We used a quantitative steady-state model to study the effects of changes in MRE concentrations on target site occupancy [21] . The combination of single-cell transcriptome and miRNAome data from human myoblasts [24] with the identified putative MREs for miRNAs binding to SSR tracts allowed us to simulate the effect of abnormally elongated mutant transcript expression on endogenous MRE occupancy (Fig. 3B, C) . Based on experimentally verified transcript copy numbers in DM1 patient myoblasts [25, 26] , we assumed the existence of 15 copies per cell of a mutant DMPK transcript with the CUG tract expansion. In healthy individuals, a DMPK transcript exhibits up to~20 CUG repeats, which equates to~2 MREs, whereas approximately 40 repeats (~5 MREs) are present in healthy carriers of premutation alleles that are unstable and can lead to large expansions in progeny. Our modeling showed that premutation of DMPK transcripts has a negligible effect on MRE site occupancy (Fig. 3B) . In contrast, the 500 and 2000 repeats found in patients with classical adult-onset DM1 and congenital DM1, respectively, are predicted to have a greater impact on MRE site occupancy (~10% increase in unbound MREs in the case of congenital DM1 patients compared with the initial presumed state). It is worth to point out that number of copies of DMPK transcript is estimated to be higher in muscle cells than in myoblasts or fibroblasts.
The CNBP transcript in healthy individuals bears approximately 20 CCUG repeats, constituting 3 MREs, while the mean length of the CCUG tract in DM2 patients is 5000 repeats [27] , which forms 800 MREs. We assumed that the copy number of the mutant CNBP is comparable to the number of copies of the DMPK transcript (i.e., 15 copies per cell) [28] and we examined the influence of MRE site occupancy on raceRNA crosstalk (Fig. 3C) . We discovered that even a few copies of the mutant RNA can alter MRE site occupancy and potentially exceed the effects triggered by the CUG repeat expansion.
If the predicted effects of the CUG and CCUG tract expansions on raceRNA crosstalk occur in DM1 and DM2, they should cause deregulation of the expression of genes that exhibit MREs for miRNAs interacting with these repeats. Consequently, this would lead to elevated levels of transcripts containing these MREs. To verify this point, we employed expression data from muscle biopsies of DM1 and DM2 patients (Supplementary Table III) . We observed a statistically significant increase of the number of protein-coding genes with conserved MREs for conserved CUG-binding miRNAs among genes upregulated in DM1 patients compared with all human genes. Such an enrichment was not observed for genes downregulated in DM1 patients (20% vs. 14%, p < 0.0001 and 14% vs. 14%, p = 0.77, respectively; Fig. 3D ). Similar trend was observed for the increase of the number of protein-coding genes with conserved MREs for conserved CCUG-binding Modeling of miRNA-mediated crosstalk between CUG repeats and a group of CUG-binding miRNAs (with a 6-nt AGCAGC seed region (hsa-miR-15a-5p, hsa-miR-15b-5p, hsa-miR-16-5p, hsa-miR-195-5p, hsa-miR-424-5p, hsa-miR-497-5p, hsa-miR-503-5p, hsa-miR-646 and hsa-miR-6838-5p)) in human myoblasts. The graph depicts the effects on miRNA site occupancy upon DMPK transcript expression (normal (~2 MREs), with premutation (~5 MREs), in adult-onset DM1 (60 MREs) or congenital DM1 (240 MREs)). (C) Modeling of miRNA crosstalk between CCUG repeats and a group of CCUG-binding miRNAs (with a 6-nt AGGCAG seed region (hsa-miR-34b-5p, hsa-miR-449c-5p, hsa-miR-940, hsa-miR-1910-3p, hsa-miR-2682-5p, hsa-miR-6808-5p, hsa-miR-6893-5p and hsa-miR-6511a-5p)) in human myoblasts. The graph depicts the effects on miRNA site occupancy upon of CNBP transcript expression (normal (3 MREs) Table III ), ** − P-value < 0.01. (F) The graph depicts the percentage of mRNAs bearing putative conserved MREs for all conserved miRNAs in their 3ʹ UTRs in in all human mRNAs, mRNAs downregulated or upregulated in DM1 patients and mRNAs downregulated or upregulated in DM2 patients, *** − P-value < 0.001. miRNAs among genes upregulated in DM2 patients compared with all human genes but not for genes downregulated in DM2 patients (7% vs. 4%, p = 0.0034 and 4% vs. 4%, p = 0.59, respectively; Fig. 3E ). Such enrichments support the notion that abnormally elongated SSR tracts can lead to observable changes in miRNA-mediated gene regulation. Additionally, we noticed that 3ʹ UTRs of transcripts upregulated in DM1, as well as DM2 samples, are enriched in conservative MREs compared to all human transcripts (76% vs. 66%, p < 0.0001 and 78% vs. 66%, p < 0.0001, respectively; Fig. 3F ). It suggests that expression of elongated CUG and CCUG tracts can lead to more global de-repression of miRNA-mediated gene regulation. Moreover, we employed a dataset of genes that are deregulated in the muscle tissue of DM2 patients [29] and observed a mild but statistically significant enrichment of MREs for miRNAs predicted to bind CCUG tracts. This could be observed among genes that are upregulated in DM2 muscle samples compared with all human genes containing any MREs (74% vs. 68%, p = 0.0005). This trend was consistent for putative MREs for most of subsets of CCUG-binding miRNAs grouped by common 6-mer sequences in the seed regions (10 groups) and when examining only miRNAs with 7-mer sites for CCUG tracts (40% vs. 37%, p = 0.04) (Supplementary Table IV) .
Discussion
In this study, we aimed to examine the potential perturbation of the crosstalk between raceRNAs in simple repeat expansion diseases. For this purpose, we extracted a fraction of human cellular transcripts that could use the wording of SSRs in RNA crosstalk from existing nucleotide sequence databases. We searched for all possible trinucleotide repeats and longer repeated motifs known to be implicated in human genetic diseases and identified hundreds of ceRNA candidates belonging to the human 'repeatome'. Our survey comprised all major classes of non-coding transcripts, most of which are as yet of unknown function. Although we succeeded in identifying SSR-bearing non-coding transcripts, without performing dedicated studies, we cannot state whether their repeat tracts are beneficial, neutral or potentially harmful to cells. To date, none of the known repeat expansion diseases has been linked to expanded repeats located in lncRNAs, circRNAs or transcribed pseudogenes. However, we identified nearly 90 miRNAs potentially interacting with various disease-relevant SSRs. It appears to us that raceRNA crosstalk and engagement of at least some of these transcripts in such crosstalk are very likely to occur in cells.
A unique feature of raceRNA crosstalk is that SSRs form naturally occurring reiterated MREs in which miRNA regulation may more freely realize its potential for cooperative action. In earlier work, we observed an increase of miRNA regulatory activity with the length of CUG tracts, which we explained as the effect of miRNA cooperativity [30] . This finding is in agreement with several reporter assay-based studies conducted with non SSR-MREs [31] [32] [33] [34] . These studies have demonstrated that multiple neighboring MREs often exhibit greater regulatory effects than are predicted from the cumulative action of individual MREs and from the observed effects of the same number of MREs when they are distantly spaced. It can be then speculated that the affinity of SSR tracts for miRNA-loaded RNA-induced silencing complexes (RISCs) is higher than that of typical MREs; thus, the modeled effects of expanded SSR tracts on raceRNA crosstalk proposed in this study could be likely underestimated. The cooperative action of RISCs programmed with CUG repeat small interfering RNAs (siRNAs) that interact with expanded CAG repeat tracts was demonstrated previously in the reverse situation where exogenous miRNA-like siRNAs were tested as potential therapeutics for several polyglutamine (polyQ) diseases [35] [36] [37] [38] . These siRNAs form base mismatches with CAG repeats and function more like miRNAs preferentially inhibiting mutant mRNA translation.
The ceRNA concept postulates the existence of a miRNA-mediated network that regulates the expression levels of the transcriptome, where coding and ncRNAs compete for a limited pool of miRNAs [8] . As a result, changes in the expression of RNAs with many MREs, acting as miRNA sponges, have been shown to influence mRNA expression [9] . However, transcriptome-wide studies suggest that changes in the abundance of a single RNA are often not sufficient to have a global effect on miRNA activity and that ceRNA crosstalk may be not as widespread phenomenon as previously hypothesized (reviewed in: [22, 39] ). The biological relevance of ceRNA activity has been extensively debated [19] [20] [21] 40] and it was proposed that competitor RNAs should be among the most abundant RNAs in the cell, or that they should contain dozens of binding sites for a single miRNA species. Moreover, it was speculated that miR-15/16, which is also our top candidate in DM1-related analyses, is especially prone to ceRNA perturbations but would likely require unphysiological target increases to affect repression [20] . The substantial evidence supporting the ceRNA hypothesis is still missing; to date there is only one study reporting functional circRNA and of a physiologically relevant ceRNA mechanism in mammals [41] ). We believe that SSR-containing transcripts are ideal candidates for a physiological ceRNA network, which can be altered by pathological repeat expansions (Fig. 4) . SSR tracts have the potential to fulfill stringent requirements for serving as modulators of miRNA-mediated crosstalk due to their (1) ability to create many MREs that are located next to each other, which may increase their affinity for miRNAloaded RISCs and makes transcripts harboring SSRs efficient ceRNAs, even when present at low abundance; (2) capacity for efficient miRNA sequestration and functional depletion; and (3) ability to associate with more than one miRNA family, extending the possibility of miRNA crosstalk in various tissues showing differences in miRNA expression.
The binding of repeat-containing miRNAs to MREs composed of complementary repeats may engage RISCs to different extents. Upon the binding of an miRNA-loaded RISC to SSR tracts, the RISC may remain associated with raceRNAs, which in the case of pathologically expanded SSR tracts, may lead to increased RISC sequestration, affecting global miRNAmediated gene regulation by lowering the availability of Ago proteins for other miRNAs. We also anticipate that structures formed by some SSR-MREs [16] or high-affinity protein binding [13, 21] will affect the accessibility of these sequences for raceRNA crosstalk.
Another important aspect to be considered is the dynamics of interactions between expanded repeats and miRNAs. Some RNAs containing expanded disease-relevant SSR tracts are known to form cellular foci composed of mutant transcripts and repeat-binding proteins that are implicated in pathogenesis [42, 43] and we have recently shown that CUG RNA foci also contain selected CUG-binding miRNAs [30] . Although these RNA foci predominantly localize to the nucleus while miRNAs mature and function in the cytoplasm, interactions can occur between them. First, the CUG and CCUG RNA foci can form and exist (at least transiently) in the cytoplasm [44, 45] . Second, several studies have demonstrated that many miRNAs and other components of RNAi machinery are also present and active in the nucleus [46, 47] . In addition, a shift in the subcellular distribution of several miRNAs to a more nuclear localization was observed in DM1 skeletal muscles [48] , strongly suggesting that expanded transcripts are able to alter miRNA localization. These findings illustrate an additional mechanism by which expanded SSRs may influence the miRNA-mediated crosstalk: by altering the subcellular localization of miRNAs and effectively perturbing their accessibility to other MREs.
Our analyses show that mutant CUG and CCUG tracts, observed in DM1 and DM2, are likely to perturb naturally occurring raceRNA crosstalk due to (1) the length of expanded repeats observed in affected individuals, (2) the large number of miRNAs predicted to associate with these tracts and (3) the relatively high abundance of these miRNAs in muscle. Such perturbation may contribute to the phenotypic changes observed in patients, and the influence of expanded SSRs on miRNA-mediated crosstalk is predicted to be stronger with an increase in mutant repeat length. Our modeling predicts a relatively small impact of repeat tracts in individuals with classical adult-onset DM1 but a considerably greater influence of CUG repeat tracts present in congenital DM1. As the expanded CCUG tracts in DM2 patients are typically longer than the CUGs observed in DM1, most of the mutant repeats associated with DM2 are predicted to be sufficient to perturb miRNA-mediated crosstalk. This prediction is in agreement with the low correlation found between expanded CCUG tract length and the severity of symptoms in DM2 [27] .
Taken together, the results of this work indicate that cellular transcripts that harbor stuttering CUG and CCUG sequences and miRNAs whose seed sequences are complementary to these repeats have a unique potential to participate in the raceRNA dialogue, and their voice is predicted to become louder in DM1 and DM2 due to cooperative action of multiple RISCs.
Materials and methods
Prediction of miRNAs binding to SSR tracts
An in-house script written in Python was employed to identify human miRNAs that are potentially sequestered by SSR tracts. The program entitled miRNAfinder.py is available at the laboratory's GitHub repository (https://github.com/krzyzo siak-lab/). Mature miRNA sequences were obtained from miRBase release 21 (http://www.mirbase.org/). MiRNAs with binding potential were defined as those bearing either 6 or 7 continuous complementary matches within their 7-nt seed region to the analyzed repeat sequence. The analyzed SSRs consisted of all possible triplet repeats, including those known to trigger triplet repeat expansion diseases, as well as the selected tetra-, penta-and hexanucleotide sequence motifs CCUG, AUUCU, GGCCUG and GGGGCC, which are implicated in myotonic dystrophy type 2 (DM2), spinocerebellar ataxia type 10 (SCA10), spinocerebellar ataxia 36 (SCA36) and amyotrophic lateral sclerosis (ALS)/frontotemporal dementia (FTD) pathology, respectively.
Analysis of SSRs in coding and ncRNAs
An in-house script written in Python was employed to identify ceRNAs containing SSRs among transcripts, lncRNAs, circRNAs and transcribed pseudogenes. The program entitled repeatfinder.py is available at the laboratory's GitHub repository (https://github.com/krzyzosiak-lab/). Coding transcripts and lncRNAs were retrieved directly from GENCODE version 19 (https://www.gencodegenes.org/releases/19.html). The pseudogene transcript dataset, including all annotated pseudogenes except for polymorphic pseudogenes, was obtained from GENCODE version 19 using the UCSC Table Browser (https://genome.ucsc.edu/cgi-bin/hgTables). Human circular RNA datasets [49] [50] [51] [52] were retrieved from circBase, an online repository of public circRNA datasets (http://www.cir cbase.org). A threshold of a minimum of 5 consecutive SSRs was established. The identified ncRNAs with SSR tracts can be found in the Supplementary Data. The calculation of repeat tract sizes allowed us to examine their distribution. The representation rate of triplet repeats in the human RNAome was calculated as the ratio of the density of SSR tracts, calculated as their summary length per 1 Mbp, found in coding and ncRNAs, compared with their density in the entire human genome. Version GRCh37.p13 of the human genome was obtained from the Genome Research Consortium (http:// www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/ human/).
Prediction of MREs in coding and ncRNAs
Computational identification of putative MREs in ncRNAs and the 3ʹ UTRs of coding transcripts was conducted with a TargetScan 6.0 Perl script (http://www.targetscan.org/vert_60/) using mature human miRNA sequences (obtained from miRBase release 21 (http://www.mirbase.org/) and the 3ʹ UTRs of protein-coding genes (obtained from TargetScan 6.0 (http:// www.targetscan.org/vert_60/)) and consisted of all human RefSeq transcripts following NCBI annotation of the human genome (hg19)) or ncRNA sequences, where the sources were as stated above. The prediction results were further processed with our in-house Python script to identify RNAs with multiple (minimum 10) 7-and 8-mer MREs for miRNAs predicted to bind to and be potentially sequestered by SSRs. The program entitled RNAwithmultipleMREfinder.py is available at the laboratory's GitHub repository (https://github.com/krzyzosiak-lab/).
SSR expansion influence on ceRNA crosstalk
The modeling of the influence of additional MREs, due to the expansion of disease-triggering SSRs on miRNA-mediated regulatory crosstalk was performed using a quantitative model developed by Jens and Rajewsky (http://dorina.mdc-berlin.de/ public/rajewsky/rna_competition/). Single-cell mRNA and miRNA expression data from myoblasts were obtained from Zeng W et al. [24] . The 8-mer and 7-mer binding sites for CUG-and CCUG-binding miRNAs were predicted with a TargetScan 6.0 Perl script (http://www.targetscan.org/vert_60/) using mature human miRNA sequences and the 3ʹ UTRs of protein-coding genes, where the sources were as indicated above. Six-mer sites were additionally identified using an inhouse Python script. The combination of expression data with predicted MREs allowed us to assess the total number of possible 6-, 7-and 8-mer MREs in all transcripts expressed in myoblasts and the expression-weighted concentrations of CUG-and CCUG-binding miRNAs. Based on high expression levels, we modeled the effects of CUG tract expansion on a group of miRNAs with a 6-nt AGCAGC seed region (hsa-miR15a-5p, hsa-miR-15b-5p, hsa-miR-16-5p, hsa-miR-195-5p, hsamiR-424-5p, hsa-miR-497-5p, hsa-miR-503-5p, hsa-miR-646 and hsa-miR-6838-5p) and the effects of CCUG tract expansion on a group of miRNAs with a 6-nt AGGCAG seed region (hsamiR-34b-5p, hsa-miR-449c-5p, hsa-miR-940, hsa-miR-1910-3p, hsa-miR-2682-5p, hsa-miR-6808-5p, hsa-miR-6893-5p and hsa-miR-6511a-5p). Taking into account the false discovery rates of miRNA-target prediction algorithms and 50% MRE accessibility, approximately 23,000 to 25,000 active MREs were predicted for each group of the abovementioned miRNAs per cell. The main parameters for examining MRE occupancy by miRNAs were the same as those used by Jens and Rajewsky [21] and were inferred from experimental data. Namely, we assumed 250,000 protein-coding RNAs per cell and 150,000 Ago complexes per cell; the Kd values for 6-, 7-and 8-mer MREs were set as 61 pM, 67 pM and 118 pM, respectively, for 37°C; and an initial 75% site occupancy was assumed for 8-mer MREs. For the calculation of MRE numbers in DMPK and CNBP transcripts, we defined the length of a single MRE as 25 nucleotides, which is a region sufficient to harbor an miRNA molecule.
Analysis of gene dysregulation in DM1 and DM2
Gene expression analysis data from skeletal muscle biopsies of DM1 patients (n = 7), DM2 patients (n = 7) and healthy individuals (n = 8) were obtained from [53] . Among transcripts with statistically significant altered expression, only transcripts with high expression levels (PLIER (probe logarithmic intensity error) value of 200 and above) were subjected to further analysis. Prediction of conserved MREs of all conserved miRNA families and conserved miRNA families with CUG and CCUG repeat binding miRNAs for all human mRNAs and for mRNA with altered expression in DM1 and DM2 samples was performed using TargetScan 6.0 [54] .
Gene expression analysis data from muscle biopsies of DM2 patients and healthy individuals were obtained from [29] (GEO accession number: GSE45331). A group of genes that are upregulated in DM2 samples vs. controls was obtained using the Gene Expression Omnibus (http://www. ncbi.nlm.nih.gov/geo, one-tailed t-test with cut-off level p < 0.01). All possible 7-and 8-mer sites in the 3ʹ UTRs of mRNAs with altered expression and all human mRNAs for CCUG repeat-binding miRNAs were predicted using a TargetScan 6.0 Perl script (http://www.targetscan.org/vert_ 60/).
Secondary structure prediction
The secondary structures of complexes between ncRNAs and miRNAs were calculated using UNAfold (http://una fold.rna.albany.edu/) with default parameters for RNA folding.
Quantification and statistical analysis
All statistical analyses were performed and graphs generated using GraphPad Prism 6 (GraphPad Software). In Fig. 1C , the statistical significance of differences in the length distribution of triplet repeats was assessed using the Kruskal-Wallis test, followed by Dunn's test for multiple comparisons. The comparison of the number of genes containing MREs for CUG tract-binding miRNAs between genes with altered expression in DM1 and DM2 patients, and all human genes (Fig. 3D , E and F) were performed using Fisher's exact test. The comparison of the number of genes containing MREs for CCUG tract-binding miRNAs between genes that are upregulated in DM2 patients and all human genes was performed using Fisher's exact test; please see Supplementary Table IV for the number of genes in each category and for the calculated p-values. The statistical significance cut-offs in all tests were set as follows: * − P-value < 0.05; ** − P-value < 0.01, *** − P-value < 0.001.
Data and software availability
The IDs and sequences of the identified human lncRNAs, circRNAs and transcribed pseudogenes with SSR tracts can be found in the Supplementary Data. The identified human miRNAs with potential to bind to SSRs can be found in Supplementary Table II . The list of genes with altered expression in DM1 and DM2 patients can be found in Supplementary Table III. The scripts created in-house have been deposited to the laboratory's GitHub repository (https://github.com/krzyzosiaklab). Please refer to Wiki guide for detailed information about how to use these programs, input file requirements and example files (https://github.com/krzyzosiak-lab/raceRNA/wiki).
Key points
• Multiple non-coding and protein-coding transcripts harbor simple sequence repeats (SSRs) • Some SSRs in human transcripts participate in miRNAmediated cross-regulation
• Repeat-associated ceRNAs crosstalk is most likely altered in two myotonic dystrophies (DM1 and DM2), associated with extended SSRs.
